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H I G H L I G H T S

� We developed a model to study the dynamics of a nucleated cell tethered under flow.
� Properties of nucleus significantly affect the flow dynamics of tethered cells.
� Presence of nucleus leads to leukocyte tether dynamics different from platelets.
� Varied internal viscosity leads to the variation in tether dynamics of leukocytes.
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a b s t r a c t

When blood components (e.g., leukocytes and platelets) adhere to a surface (e.g., blood vessel wall),
shear flow causes the elongation of the non-adherent part of the cell membrane forming a long thin
cylinder shape (i.e., cell tether). The formation of cell tether is important for regulation of cell adhesion
strength and stabilization of cell rolling, and may significantly affect the flow dynamics inside the vessel,
as well as the motion of other cells and bioactive molecules. Although significant efforts have been made
to reveal mechanisms underlying cell tether formation, the role of nucleus, nucleus/cell volume ratio,
nucleus/plasma viscosity ratio and cytoplasm/plasma viscosity ratio remains unknown. As such, we
developed a two-dimensional mathematical model, in which leukocytes are regarded as compound
viscoelastic capsules with a nucleus. We investigated the effects of several factors on flow dynamic
characteristics of tethered cells, including the cell length, the inclination angle, the drag and lift forces
acting on the cell. The presence of a nucleus (with nucleus/cell volume ratio of 0.44) led to a decrease of
33.8% in the cell length and an increase of 152%, 113% and 43.6% in the inclination angle, the drag force
and lift force respectively compared to those of a cell without nucleus. For a cell with nucleus/cell
volume ratio of 0.2, a 10-fold increase in cytoplasm/plasma viscosity ratio resulted in a decrease of 19.3%
in the cell length and an increase of 93.9%, 155% and 131% in the inclination angle, the drag force and lift
force respectively. These results indicate that nucleus and cytoplasm play a significant role in flow
dynamics of nucleated cells tethered under shear flow. The developed mathematical model could be
used to further understand the mechanisms of cell-adhesion related bioprocesses and to optimize the
conditions for cell manipulation in microfluidics.
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1. Introduction

When blood components adhere to a surface (e.g., the wall of a
blood vessel) and are subject to a flow at the same time, cell tethers
(i.e., long thin membrane cylinders extruded from adhered cells) may
form due to the cooperation of hydrodynamic forces and adhesion
forces. This phenomenon has been observed in in vitro experiments
for different blood components. For example, leukocyte tethers with
an average length of 5.9 μm (approximately radius of a leukocyte)
were observed under physiological flow conditions (Schmidtke
and Diamond, 2000), whereas platelet tethers with lengths of
3.2�16.6 μm (about 2�10 cell radii) were observed at a shear rate
ranging from 150 to 10,000 s�1 (Dopheide et al., 2002). Cell tethers
play an important role in cell adhesion related bioprocesses (e.g.,
lymphocyte homing) and applications (e.g., cell capture/release in
microfluidic devices) (Tasoglu et al., 2013; Gurkan et al., 2012; Rizvi
et al., 2013). For instance, dynamic alterations of cell tethers were
revealed to stabilize leukocyte rolling (Ramachandran et al., 2004),
which widely happens during lymphocyte homing. Cell tethers can
also regulate cell adhesion strength, which may lead to flow-
enhanced cell adhesion (Yago et al., 2007) and thus may affect the
cell capture efficiency of microfluidic devices. Furthermore, numer-
ous cell sorting applications (e.g., sperm sorting) are strongly
dependent on cell-microchannel wall interactions and potentially
post-effects of adhered cells on flow dynamics inside channels
(Tasoglu et al., 2013). However, the flow dynamics of tethered cells
under shear flow are not yet completely clear, which has limited the
understanding of cell adhesion related bioprocesses and applications.

Significant efforts have been contributed to understanding of
tether formation and the flow dynamics of tethered cells under
shear flow. A rigid microsphere model was firstly developed to
study the formation of cell tethers under shear flow (King et al.,
2005; Yu and Shao, 2007). A viscoelastic drop model (Khismatullin
and Truskey, 2005) and an elastic capsule model (Berry et al.,
2011) were further presented to incorporate dynamical cell defor-
mation into tethered cell dynamics. However, some experimental
observations were not discussed in these studies, e.g., different cell
tether lengths of leukocyte tethers and platelet tethers (Schmidtke
and Diamond, 2000; Dopheide et al., 2002), large variations in
leukocyte tether length ranging 1�25 μm (about 0.1�4-fold
leukocyte radii) (Schmidtke and Diamond, 2000). The differences
in size and morphology of leukocytes (spherical shape with a
diameter of 10�20 μm) and platelets (discoidal shape with a
diameter of 2�3 μm) were found to affect the adhesion dynamics
(Berry et al., 2011). Another apparent difference between leuko-
cyte and platelet is that a leukocyte has a nucleus but a platelet

does not. In addition, mechanical properties of intracellular fluids,
which were revealed to affect tether dynamics by in vitro experi-
ments (Heinrich et al., 2005; Girdhar and Shao, 2007; Jauffred et
al., 2007; Schmitz et al., 2008; Pospieszalska and Ley, 2009), may
significantly vary even for the same types of cell, see Table 1.
However, effects of these factors on the flow dynamics of tethered
cells under shear flow are missing. Therefore, to develop a better
understanding of tethered cell dynamics, further comprehensive
investigations are required.

In this study, we developed a two-dimensional mathematical
model to study the effects of several factors on the flow dynamics
of tethered cells under shear flow. Among these factors are
presence and absence of a nucleus, nucleus/cell volume ratio,
nucleus/plasma viscosity ratio and cytoplasm/plasma viscosity
ratio. Here, we developed a viscoelastic compound capsule model
incorporating a nucleus, and evaluated hydrodynamic forces act-
ing on the tethered cell. The results showed that the presence of a
nucleus, nuclear and cytoplasmic properties significantly affected
the flow dynamics of tethered cells under shear flow. These
findings could explain experimental observations such as large
variations in cell tether length and distinct characteristics of cell
tethers between leukocytes and platelets. Our study provides new
insights into tethered cell dynamics under shear flow, and the
model presented here could be used to study functions of cell
tethers in cell adhesion related bioprocesses, e.g., regulating cell
adhesion strength or stabilizing cell rolling.

2. Computational method

In Fig. 1, an initially spherical blood cell with radius R is
tethered by a microvillus on cell membrane to the bottom plate.
Computational domain extends approximately 12 drop radii in the
x direction and 6 drop radii in the y direction. The cell is subject to
a shear flow with an initial fluid velocity governed by a parabolic
profile u0¼[ky(1�y/H), 0], which is a representative of the flow in
a parallel-plate flow chamber. Here k is the bulk shear rate defined
as k¼4umax/H, where umax is the centerline velocity in the absence
of cells. The blood cell (e.g., leukocyte) with a nucleus is modeled
as a compound viscoelastic capsule, which is a viscoelastic fluid
including cytoplasm (density ρ1 and viscosity μ1) and nucleus
(density ρ2 and viscosity μ2) surrounded by an elastic membrane
(i.e., plasma membrane with shear modulus Es). The cell without a
nucleus (e.g., platelet) is modeled as an elastic capsule, which is
composed of a viscoelastic fluid with density ρ1 and viscosity μ1

surrounded by an elastic membrane with elastic modulus Es. The

Table 1
Parameter values used in our computational model.

Parameter Definition Values Reference

R (μm) Cell radius 5 Bai et al. (2013), Luo et al. (2011b) and Geissmann et al. (2003)
L (μm) Channel length 60 Bai et al. (2013) and Luo et al. (2011a, b)

H (μm) Channel height 30
Stone and Kim (2001), Popel and Johnson (2005), Squires and Quake (2005),
N'Dri et al. (2003) and Pappu et al. (2008)

k (s�1) Shear rate 200–8000 Schmidtke and Diamond (2000), Dopheide et al. (2002) and Ramachandran et al. (2004)
ρ0 (kg/m3) Density of plasma 1000 N'Dri et al. (2003), Khismatullin and Truskey (2004) and Berry et al. (2011)
μ0 (mPa s) Viscosity of plasma 1.0 N'Dri et al. (2003), Khismatullin and Truskey (2004) and Berry et al. (2011)
ρ1 (kg/m3) Density of cytoplasm 1000 Bai et al. (2013) and Luo et al. (2011a, b)
λμ1 Cytoplasm/plasma viscosity ratio 500�5000 Schmid-Schonbein et al. (1980) and Khismatullin and Truskey (2004)
λ1 (s) Cytoplasmic relaxation time 0.176 Khismatullin and Truskey (2004)
α Nuleus/cell volume ratio 0.2�0.44 Schmid-Schonbein et al. (1980), N'Dri et al. (2003) and Khismatullin and Truskey (2004)
ρ2 (kg/m3) Nucleus density 1000 Khismatullin and Truskey (2004) and Bai et al. (2013)
λμ2 Nucleus/plasma viscosity ratio 5000�10,000 Schmid-Schonbein et al. (1980) and Khismatullin and Truskey (2004)
λ2 (s) Nuclear relaxation time 0.2 Khismatullin and Truskey (2004)
Es (μN/m) Elastic modulus of cell membrane 5�2500 Jadhav et al. (2005), Tasoglu et al. (2011, 2012) and Pappu et al. (2008)
kb (μN/m) Spring constant of adhesion bond 10,000 Khismatullin and Truskey (2004, 2005) and Luo et al. (2013)
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cell is immersed in a Newtonian fluid (e.g., plasma) with density ρ0

and viscosity μ0.
The incompressible Navier–Stokes equations governing the

flow are given by

∇Uu¼ 0 ð1Þ

∂ðρuÞ
∂t

þ∇UðρuuÞ ¼∇U ½�pIþμsð∇uþ∇uT ÞþTp�þF ð2Þ

where ρ and t are the density and time respectively, u is the
velocity vector, p and I are the pressure and unit tensor respec-
tively, μs is the solvent viscosity (the Newtonian part of the
viscoelastic fluid), and F is the body force from cell membrane.
Tp is the viscoelastic stress from the non-Newtonian part of the
viscoelastic fluid governed by the Oldroyd-B constitutive equation:

λ
∂Tp

∂t
þðuU∇ÞTp�Tp Uð∇uÞ�ð∇uÞT UTp

� �
þTp ¼ μp½∇uþð∇uÞT � ð3Þ

where μp and λ are the polymeric viscosity and relaxation time of
the non-Newtonian part of the viscoelastic fluid respectively. The
total viscosity of the viscoelastic fluid is the sum of the polymeric
viscosity and solvent viscosity, i.e., μ1¼μp1þμs1, μ2¼μp2þμs2.

Front tracking method is employed to capture the moving
interface (i.e., cell membrane) to consider elastic properties of cell
membrane. In this method, the moving interface is tracked by
Lagrangian points and is separated into many line segments in
two-dimensional (2D) simulations. From the positions of Lagran-
gian points, the tension Te in every line segment can be calculated
as (Bagchi et al., 2005; Bagchi, 2007)

Te ¼ Esðε3=2�ε�3=2Þ ð4Þ
where ε is the undeformed length of a line segment divided by its
deformed length. Instead of an accurate representation of cell
membrane, the consideration of the complex internal structure of
cells (i.e., a nucleus in the cell) is central to this study. Thus, the
classical Hooke's law is applied to the elastic membrane for its
simplicity and ability to effectively capture the general features
of elastic membranes (Jadhav et al., 2005; Barthes-Biesel et al.,
2002). Then, the tension Te in cell membrane can be distributed
onto Eulerian grids as the body force term in Eq. (2) using the
delta distribution function (Peskin, 1977; Unverdi and Tryggvason,
1992) as

Dðx�x0Þ ¼
1
4h 1þ cos π x�x0ð Þ

2h

� �h i
for x�x0j jr2h

0 for x�x0j j42h

8<
: ð5Þ

where x0 is the position of a Lagrangian point on cell membrane
and h is the Eulerian grid size. An indicator function I(x,t) with
value 2 inside nucleus, 1 inside cytoplasm and 0 outside the cell is
defined and constructed from the known position of cell mem-
brane. Fluid properties can thence be calculated by

ϕðx; tÞ ¼
ϕ0þðϕ1�ϕ0ÞIðx; tÞ; for I ðx; tÞr1
ϕ1þðϕ2�ϕ1ÞðIðx; tÞ�1Þ; for I ðx; tÞ41

(
ð6Þ

where ϕ represents fluid properties including ρ, μs, μp and λ.
The indicator function is constructed by solving a Poisson
equation (Unverdi and Tryggvason, 1992; Sarkar and Schowalter,
2000):

∇2Iðx; tÞ ¼∇U ∑
l
Dðx�xðlÞÞnðlÞΔsðlÞ

" #
ð7Þ

where n(l), x(l) and Δs(l) are the outward normal vector, centroid
and length of a discrete line segment l of the membrane respec-
tively. An Eulerian resolution of 40 grids for one cell diameter and
a Lagrangian resolution of 250 elements for the cell membrane are
used, which was identified to be sufficient in our previous work

(Bai et al., 2013; Luo et al., 2013). Details of the method can be
found in our previous studies (Bai et al., 2013; Luo et al., 2013) and
articles by Tryggvason and co-workers (Unverdi and Tryggvason,
1992; Tryggvason et al., 2001; Tasoglu et al., 2008, 2010;
Muradogluand and Tasoglu, 2010).

To simulate a tether, Berry et al. (2011) fixed a membrane point
on the bottom plate, but they found that it may lead to numerical
instability. In the adhesion dynamics of platelets and leukocytes,
bonds are formed due to the receptor–ligand interactions. In the
present study, a bond connecting the cell and bottom plate
(Fig. 1a) is modeled as a spring. For the spring constant of the
adhesion bond, a range of 500�10,000 μN/mwas used in previous
studies (Khismatullin and Truskey, 2004, 2005; Luo et al., 2013).
Here, a large spring constant of 10,000 μN/m is used to ensure that
the cell is not detached from the bottom plate. Besides, hydro-
dynamic forces Fhy acting on the tethered cell are calculated by

Fhy ¼
Z
C
nU ½�pIþμsð∇uþ∇uT ÞþTp�dl ð8Þ

where l denotes integration along cell membrane and n is the unit
outward normal vector to the cell membrane. The hydrodynamic
forces in 2D simulations include two components, i.e., the drag
force FD in the flow direction and the lift force FL perpendicular to
the flow direction.

The governing equations are normalized by characteristic quan-
tities, e.g., characteristic velocity kR, length R, and time 1/k. Dimen-
sionless parameters include Reynolds number Re¼ ρ0kR

2=μ0,
dimensionless membrane stiffness G¼ μ0kR=Es, Deborah number
De¼ λk, cytoplasm/plasma viscosity ratio λμ1 ¼ μ1=μ0, and nucleus/
plasma viscosity ratio λμ2 ¼ μ2=μ0. Besides the drag force FD and the
lift force FL, the cell length Lc and the inclination angle θc are used to
characterize the flow dynamics of the tethered cell. Lc is the distance
from the tether point to the furthest point on the membrane, which
is used to represent the tether length. θc is the angle between Lc and
the x-axis, Fig. 1b. For simplicity, Lc, θc, t, FD and FL shown in later
discussions are non-dimensionalized by R, π, 1/k, ρ0k2R4 and ρ0k2R4,
respectively. Parameter values used in this study are listed in Table 1.
From the data in Table 1, the ranges of the dimensionless parameters
used in this study can be obtained as Re¼0.005�0.2, G¼0.02�0.8,
λμ1¼500�5000 and λμ2¼5000�50,000.

Fig. 1. Schematic diagram of a tethered cell under shear flow. (a) A cell is tethered
by a microvillus on cell membrane and is subject to a parabolic shear flow. The cell
is modeled as a viscoelastic compound drop (cytoplasm and nucleus) surrounded
by an elastic membrane (cell membrane). (b) Parameters of the tethered cell,
including the cell length Lc and the inclination angle θc.
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The governing equations are solved by a two-step time-split
scheme (projection method) (Brown et al., 2001). Several techniques
are employed to ensure the temporal accuracy, e.g., the Crank–
Nicholson semi-implicit technique for the diffusion term, the
Adams–Bashforth method for the advection, pressure and body force
term (He and Li, 2010). The standard central difference scheme is
applied to spatially discretize the governing equations to ensure the
spatial accuracy. To validate our model, we simulated the deforma-
tion of a cell without a nucleus in a linear shear flow, Fig. 2a. Our
model gave the deformation of Newtonian capsules (composed of
elastic membrane and Newtonian cytoplasm) identical to Breyian-
nis's (Breyiannis and Pozrikidis, 2000) within 4.6% (data was shown
in our previous study, Luo et al., 2013). These results indicated the
accuracy of our model for the elastic cell membrane. Besides, to
validate our non-Newtonian model for the cytoplasm, we quantita-
tively compared our predictions on the deformation of a non-
Newtonian drop with the study carried by Chinyoka et al.
(Chinyoka, 2004; Chinyoka et al., 2005) and Chung et al. (2008),
Fig. 2b. The discrepancy of deformation index and inclination angle
was less than 3.8%. Further details and validations of this CFD code
can be found in our previous studies (Bai et al., 2013; Luo et al., 2013).

3. Results and discussions

To study the flow dynamics of a tethered cell under shear flow,
we simulated the movement and deformation of a tethered cell
using the mathematical model developed in the previous section.
The tethered cell was with G¼0.2, λμ1¼2000, λμ2¼10,000 and
nucleus/cell volume ratio α¼0.2 in a shear flow with shear rate
k¼800 s�1, Fig. 3. After the flow began, the cell pivoted around
the tether point in the flow direction (Fig. 3a) due to the positive
torque from the drag force FD on the cell (Fig. 3c). Because the cell
was anchored to the bottom plate, it moved closer to the wall and
was prolonged in the flow direction as time lapsed, Fig. 3a.
Velocity gradients above the cell and the pressure under the cell
increased over time (Fig. 3d) and thus the drag force FD and lift
force FL experienced by the cell also increased over time (Fig. 3c).
This led to an increase in the negative torque from the lift force FL.
Hence, the cell pivoting around the tether point slowed down and
finally stopped due to the increasing negative torque from the lift
force FL, Fig. 3c. At the initial stage after the flow started, the fluid
flow surrounding the cell was not parallel to the cell membrane,
see velocity field at t¼1 in Fig. 3d. The cell was squeezed by the
pushing force from surrounding fluid behind the cell and the high
pressure under the cell, Fig. 3d. The cell length Lc increased from

2 to 2.15 and the inclination angle θc decreased from 0.5 to 0.35 as
time lapsed from t¼0 to 1, Fig. 3b. As time lapsed to t¼2.5, the
fluid flow surrounding the cell gradually turned to be parallel to
the cell membrane, see velocity field at t¼2.5 in Fig. 3d. The cell
was prolonged by the shear stress acting on the cell. The cell
length Lc increased to 2.34 and the inclination angle θc decreased
to 0.26 at t¼2.5. However, as time further lapsed from 2.5 to 4, the
cell relaxed after high deformation (i.e., the cell length Lc slightly
decreased to 2.24 at t¼4) due to the elasticity of cell membrane
and the viscoelasticity of internal fluids. Hence, a maximum value
of cell length Lc was presented during the deforming process of
tethered cell in the parabolic shear flow. The state of cell, at which
the cell length Lc reached its maximum value, was defined as the
largest stretching state.

To study the effect of nucleus, nucleus/cell volume ratio α and
nucleus/plasma viscosity ratio λμ2 on the flow dynamics of the
tethered cell, we next simulated the movement and deformation
of four different cells under a shear flowwith k¼800 s�1, i.e., a cell
without nucleus (α¼0), a cell with a nucleus of α¼0.2 and
λμ2¼5000, a cell with a nucleus of α¼0.2 and λμ2¼10,000 and
a cell with a nucleus of α¼0.44 and λμ2¼10,000, Fig. 4. The
presence of a nucleus with α¼0.44 and λμ2¼10,000, when
cytoplasm/plasma viscosity ratio λμ1 was 500, led to a decrease
of 33.8% in the maximum cell length Lcm and an increase of 152% in
the inclination angle θcm at the largest stretching state compared
to those of a cell without nucleus (α¼0), Fig. 4a and b. It indicated
that the presence of a nucleus, which had higher viscosity than
cytoplasm, significantly reduced cell deformation, Fig. 4c. The
smaller deformation induced by the presence of a nucleus resulted
in larger hydrodynamic forces on the tethered cell, Fig. 4d and e.
Wiggles in both the drag and lift forces were observed, which is
similar to the observation for an adherent monocyte under flow
presented by Khismatullin and Truskey (2004). The wiggles are
probably due to a combination of hydrodynamic interaction
between the largely deformed cell membrane and the consequent
effect that the deformed shapes have on the velocity field inside
and around the cell. The drag force FDm and the lift force FLm at the
largest stretching state acting on the cell with a nucleus of α¼0.44
and λμ2¼10,000 were larger by 113% and 43.6% respectively than
those of a cell without nucleus (α¼0), Fig. 4d and e. Due to the
larger hydrodynamic forces, the cell with a nucleus reached the
largest stretching state faster than the cell without nucleus. The
presence of a nucleus with α¼0.44 and λμ2¼10,000 resulted in a
decrease of 70.8% in tm for cells to reach the largest stretching
state. Besides, as λμ2 was increased from 5000 to 10,000 for
α¼0.2, FDm and FLm increased by 40.8% and 20.9% respectively.

Fig. 2. Validation of our CFD code. (a) The mathematical model is validated by evaluating the deformation of a cell without a nucleus in a linear shear flow. (b) The transient
deformation of a non-Newtonian drop (deformation index D and inclination angle θ versus time). The solid line (for deformation index) and dash line (for inclination angle)
are our results, and square (closed square for deformation index and open square for inclination angle) and triangular dots are results from studies by Chinyoka et al.
(Chinyoka, 2004; Chinyoka et al., 2005) and Chung et al. (2008).
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As α was increased from 0.2 to 0.44 for λμ2¼10,000, FDm and FLm
increased by 3.8% and 23.0% respectively, Fig. 4d and e. It indicated
that increasing nucleus/cell volume ratio α and nucleus/plasma
viscosity ratio λμ2 enhanced the effect of nucleus on the flow
dynamics of the tethered cell.

To study the effect of cytoplasmic viscosity on the flow
dynamics of the tethered cell, simulations on the movement and
deformation of cells with cytoplasm/plasma viscosity ratio λμ1
ranging from 500 to 5000 were presented, Fig. 5. The shape of
cells at the largest stretching state showed that cell elonga-
tion decreased with increasing cytoplasm/plasma viscosity ratio,

Fig. 5d, which indicated higher resistance of a fluid (i.e., cytoplasm)
to the deformation. For the cell without nucleus (α¼0), as λμ1 was
increased from 500 to 5000, the maximum cell length Lcm
decreased from 3.46 to 2.34 and the inclination angle θcm
increased from 0.11 to 0.25, Fig. 5b. Due to decreasing cell
deformation, the hydrodynamic forces experienced by the teth-
ered cell significantly increased with increasing λμ1 (from 500 to
5000), i.e., the drag force FDm increased 293% and the lift force FLm
increased 136%, Fig. 5c. Thus, tm significantly decreased from 7.54
to 3.12 as λμ1 was increased from 500 to 5000, Fig. 5a. For the cell
with a nucleus, cytoplasmic viscosity also had significant effects on

Fig. 3. Flow dynamics of a tethered cell under shear flow when k¼800 s�1, G¼0.2, λμ1¼2000, λμ2¼10,000 and α¼0.2. (a) Cell shape at different time points. (b) Cell length
Lc and inclination angle θc were plotted as a function of dimensionless time t. (c) Drag force FD and lift force FL acting on the cell versus time. (d)–(f) Velocity vector and
pressure field inside and around the cell at different times.
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the flow dynamics of the tethered cell. A 10-fold increase in λμ1 for
a cell with a nucleus of α¼0.2 and λμ2¼5000 led to a decrease of
19.3% in the cell length Lcm and an increase of 93.9%, 155% and

131% in the inclination angle θcm, the drag force FDm and the lift
force FLm respectively, Fig. 5a–c. However, as λμ1 was increased
from 500 to 5000, the cell length Lcm decreased by 19.3% for the

Fig. 4. Effects of nucleus, nucleus/cell volume ratio and nucleus/plasma viscosity ratio on the flow dynamics of a tethered cell. (a) Temporal evolutions of the cell length Lc
and (b) the inclination angle θc for four different cells. (c) Cell contours when the cell length reached its maximum value for each cell. (d) and (e) Temporal evolution of the
drag force FD and the lift force FL experienced by each cell. All the curves in (a), (b), (d) and (e) are ended at time points when the cell length reached the largest value.

Fig. 5. Effects of cytoplasm/plasma viscosity ratio on the flow dynamics of a tethered cell. (a) The plot of the time tm for the tethered cell to reach the longest length as a
function of cytoplasm/plasma viscosity ratio. (b) The plot of the cell length Lcm and inclination angle θcm of cells at the largest stretching state as functions of cytoplasm/
plasma viscosity ratio. (c) The plot of the drag force FDm and lift force FLm acting on the cells at the largest stretching state as functions of cytoplasm/plasma viscosity ratio.
(d) Cell contours when the cell length reached its maximum value for nucleus-free cells with different cytoplasm/plasma viscosity ratios.
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cell with a nucleus of α¼0.2 and λμ2¼5000, which was lower than
32.3% for the cell without nucleus (α¼0), Fig. 5b. It demonstrated
that the presence of a nucleus reduced the effect of cytoplasmic
viscosity on the flow dynamics of the tethered cell.

To examine effects of the membrane stiffness and shear rate on
the flow dynamics of the tethered cell, we simulated the move-
ment and deformation of cells (with the dimensionless membrane
stiffness G varying from 0.02 to 0.8) in shear flows with different
shear rates (k¼200–8000 s�1), Fig. 6. To appropriately obtain the
effect of the shear rate k on the forces, k is eliminated from the
formula of the dimensionless forces by multiplying Re. The
dimensionless membrane stiffness G had no significant effect on
tethered cell dynamics, especially when it varied at larger values
from 0.2 to 0.8, Fig. 6a and b. The cell length Lcm increased by 3.1%
and the inclination angle θcm decreased by 5.7% as G was increased
from 0.02 to 0.2, and Lcm increased by 0.9% and θcm decreased by
2.8% as G was increased from 0.2 to 0.8. In addition, a 40-fold
increase in G only resulted in an about 1.3-fold increase in the drag
force FDm and an about 1.3-fold increase in the lift force FLm. These
results indicated that tethered cell dynamics were mainly affected
by intracellular fluids (i.e., cytoplasm and nucleus) instead of the
cell membrane. The shear rate was indicated to significantly affect
the flow dynamics of the tethered cell, Fig. 6c and d, which is
consistent with previous experimental observations. As the shear
rate was increased from 200 to 8000 s�1, the cell length Lcm
significantly increased from 2.07 to 3.64 and the inclination angle
θcm sharply decreased from 0.37 to 0.09, Fig. 6c. Besides, the drag
force FDm and lift force FLm depended nonlinearly on the shear rate:
a 40-fold increase of the shear rate resulted in an about 18.3-fold
increase in FDm and an about 7.7-fold increase in FLm, Fig. 6d.

In summary, we developed a two-dimensional mathematical
model to investigate the flow dynamics of nucleated cells tethered
under shear flow. According to our simulations, the cell length Lc

significantly increased with increasing shear rate, which is quali-
tatively consistent with previous experimental observations
(Schmidtke and Diamond, 2000; Dopheide et al., 2002;
Ramachandran et al., 2004). The cell pivoted around the tether
point and moved closer to the bottom plate with time, which may
strengthen the adhesion of the cell to the bottom plate. This result
may partly explain the observed phenomenon in experiments that
cell tether formation stabilized cell rolling (Ramachandran et al.,
2004). Our results showed that a variation in cytoplasmic viscosity
(λμ1¼500�5000) led to a large variation in cell tether length
(from 0.34R to 1.46R). This result is in parallel with the experi-
mental observation of large variations in leukocyte tether length
from 1 to 25 μm (about 0.16R to 4.16R) (Schmidtke and Diamond,
2000). Besides, the presence of a nucleus, nucleus/cell volume
ratio and nucleus/plasma viscosity ratio were found to signifi-
cantly affect tethered cell dynamics. This becomes another impor-
tant reason besides initial cell shape (cell aspect ratio) (Berry et al.,
2011) for distinct characteristics of tethered cell dynamics (e.g.,
tether length) between different blood components (e.g., leuko-
cytes and platelets) (Schmidtke and Diamond, 2000; Dopheide et
al., 2002; Ramachandran et al., 2004). Our mathematical model
captured the general features of tethered cell dynamics under
shear flow, which are consistent with experimental observations.

Cell tethers can form before or during cell rolling, and were
found to stabilize cell rolling, which was demonstrated in the
experimental study by Ramachandran et al. (2004) and in the
three-dimensional numerical study by Khismatullin and Truskey
(2012). In Khismatullin's study (Khismatullin and Truskey, 2012),
the leukocyte cytoplasmic viscosity played a critical role in
leukocyte rolling on an adhesive substrate. In this study, we found
that the presence of a nucleus, increasing nucleus/cell volume
ratio and nucleus/plasma viscosity ratio significantly affected
cell tether dynamics, which is an important reason for distinct

Fig. 6. Effects of membrane stiffness and shear rate on flow dynamics of a tethered cell. (a) The plot of cell length Lcm and inclination angle θcm of the cells at the largest
stretching state as a function of dimensionless membrane stiffness. (b) Drag force FDm and lift force FLm acting on the cells at the largest stretching state as a function of
dimensionless membrane stiffness. (c) The plot of cell length Lcm and inclination angle θcm of the cells at the largest stretching state as a function of the shear rate. (d) Drag
force FDm and lift force FLm acting on the cells at the largest stretching state as a function of the shear rate. Using Re to multiply the forces is to eliminate k in the formula of
the dimensionless forces.
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characteristics between leukocyte tethers and platelet tethers. The
model presented in this study included both the elasticity of cell
membrane and the viscosity of cytoplasm and nucleus, which was
not presented in previous models (Khismatullin and Truskey,
2012; Pappu and Bagchi, 2008; Pappu et al., 2008). Logical
extensions of this model to a three-dimensional model and using
more biologically relevant descriptions for the elasticity of cell
membrane and the viscoelasticity of internal fluids would be
helpful to more accurately study the underlying mechanisms of
tethered cell dynamics under shear flow. Besides, tethers of
leukocytes and platelets observed in experiments are long thin
cylinders pulled out from cell membrane, while this tether
formation process was not captured in our model. It is a deficiency
of such models (Berry et al., 2011), which only included the elastic
property of cell membrane while not the viscous property. The
viscosity of cell membrane was demonstrated to be important in
the formation of cell tethers (King et al., 2005; Jauffred et al., 2007;
Schmitz et al., 2008). Therefore, to include the membrane viscosity
into our model is essential to further study the dynamics of cell
tethers.

4. Conclusion

A two-dimensional mathematical model was developed to
investigate the effects of the presence of a nucleus, nucleus/cell
volume ratio, nucleus/plasma viscosity ratio and cytoplasm/
plasma viscosity ratio on the flow dynamics of a nucleated cell
tethered under shear flow, e.g., the cell length, the inclination
angle, the drag force and lift force acting on the tethered cell. Our
major findings include (1) the cell was elongated by the surround-
ing flow and pivoted around the tether point toward the bottom
plate, and a maximum value of the cell length was presented as
the cell relaxed after large deformation; (2) the presence of a
nucleus, increasing nucleus/cell volume ratio and nucleus/plasma
viscosity ratio decreased the maximum cell length and increased
the inclination angle, the drag and lift forces acting on the tethered
cell; (3) cell membrane elasticity had relatively small effect but
cytoplasm/plasma viscosity ratio had significant effects on the
flow dynamics of tethered cell. Our study provides new insights
into the flow dynamics of tethered cells under shear flow and
could help to further understand the role of cell tether on cell
adhesion related bioprocesses and microfluidics, e.g., regulating
cell adhesion strength, stabilization of cell rolling, and clot forma-
tion inside blood vessels.

Nomenclature

De Deborah number, De¼λk
Es elastic modulus of cell membranes, μN/m
F body force in Eq. (2)
Fhy vector of hydrodynamic forces acting on the tethered cell
FD drag force acting on the tethered cell, N
FL lift force acting on the tethered cell, N
G dimensionless stiffness of cell membrane, G¼μ0kR/Es
h Eulerian grid size
H channel height as illustrated in Fig. 1, μm
I unit tensor in Eq. (2)
I indicator function in Eq. (6)
k bulk shear rate of channel flow, 1/s
Lc, θc cell length and inclination angle as illustrated in Fig. 1b
L channel length as illustrated in Fig. 1, μm
n unit outward normal vector to cell membrane
p pressure, Pa
R cell radius, μm

Re Reynolds number, Re¼ρ0kR2/μ0

Tp viscoelastic stress in Eq. (2)
Te membrane tension in Eq. (4), N
t time, s
u vector of velocity in Eq. (2)
x vector of position at Eulerian grid
x0 vector of position at Lagrangian grid

Greek letters

ρ0, ρ1, ρ2density of surrounding fluid, cytoplasma and nucleus
respectively, kg/m3

μ0, μ1, μ2 viscosity of surrounding fluid, cytoplasma and nucleus
respectively, Pa s

μp, μs polymeric viscosity and solvent viscosity of viscoelastic
fluids respectively, Pa s

ε principal stretch ratio
α nucleus/cell volume ratio
λμ1, λμ2 cytoplasm/plasma viscosity ratio and nucleus/plasma

viscosity ratio respectively
λ1, λ2 relaxation time of cytoplasm and nucleus respectively, s
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